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ABSTRACT 


Cell imbalance can cause negative effects such as early stopping of the 
battery charging and discharging process which can reduce its capacity. In 
the previous active balancing research, the energy used for the balancing 
process was taken from the cell or battery pack, resulting in drop of electric 
vehicle driving range. In this paper, a cell charger based battery balancing 
system is proposed with a reduction in the number of switches. The use of a 
cell charger aims to increase the usable energy of the battery pack, since the 
energy used for the balancing process is taken directly from the grid. The use 
of fewer switches aims to reduce the cost and space used on the battery 
management system (BMS) hardware. The charger used for the balancing 
process has a maximum current of 3 A and a maximum voltage of 3.65 V 
while the number of switches used is n+5 for n batteries. A 15S1P 200 Ah 
LiFePO4 battery pack consists of 15 cells used for testing purpose. The test 
results show that the time needed to equalize the 15 cell battery voltage 


reaches 6 hours from the difference between the highest and lowest battery 
cell voltages of 145.1 mV to 15.1 mV. 
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1. INTRODUCTION 

In the electric vehicle application, a battery cell needs to be connected in series or series-parallel to 
step up their voltage and capacity to support the system requirements. In the battery pack, all batteries are not 
made perfectly the same. Even if the batteries show the same chemistry with the same shape, weight, and 
physical size, there could still be minor differences in terms of total capacities, internal resistances, self 
discharge, or different aging which would directly influence the overall battery life [1]. 

Even with a careful battery cell selection, small differences in battery cell capacity cannot be 
completely avoided. Therefore, whenever the battery is being charged or discharged, there will be a small 
imbalance in the State of Charge (SoC) between individual cells. Battery pack imbalance can cause negative 
impacts such as early stopping of the charging process and discharging the battery which can reduce the 
usable energy [2]. To prevent this problem, charge equalization or cell balancing methods would be applied 
by means of the battery management system (BMS) [3]. 

To date, various cell balancing methods have been studied, with the purpose of reducing the battery 
voltage imbalance. These methods can generally be classified into two categories so called passive and active 
methods. Passive balancing method involves dissipating energy from battery cells that have a higher voltage, 
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thereby equalizing all cell voltage levels in the battery pack with the lowest cell voltage. Although this 
method offers good balancing performance, low cost and is quite simple to implement [4], it does have two 
main weaknesses. Firstly, such method usually creates unwanted side effects with regards to its thermal 
management system. As such, the battery pack might require an addition of thermal protection which 
increases the overall weight of the system. Secondly, the energy saving objectives are not maximized due to 
energy loss during balancing. 

In contrast to an inefficient passive method above, the active battery balancing will transfer energy 
from the stronger cell/module to the weaker cell/module using a variety of balancing methods such as 
capacitor-based active balancing [5-8], inductor/transformer-based active balancing [9-14], and converter- 
based active balancing [15-19]. The active and passive balancing methods for lithium-based batteries have 
also been studied thoroughly in [1], [20-24]. In addition, a comparison between different balancing methods 
has been reported by [23—28], where the balancing methodology is classified depending on the number of 
switches, transformers, capacitors, inductors, diodes, modularity, complexity, reliability, cost, and so on. 

In the previous active balancing research, the energy used for the balancing process was taken from 
the cell or battery pack. The major disadvantage of such active balancing systems is the reduced use of 
energy from the battery pack which results in reduced mileage of electric vehicles. Ideally, the solution to 
maximize the efficiency and control the energy loss problems in the conventional battery balancing methods 
is to use an external energy source to charge cells with low SoCs [29]. The use of energy from external 
sources to charge or balance the cells/modules that have low SoC has been used in previous studies, namely 
using solar power [29], auxiliary power module [30], and redundant battery [31]. In [31], redundant battery is 
used to balance three lithium-ion batteries in series with a small capacity of 1800 mAh and 1000 mAh while 
in [29], solar power is used to balance four 100 Ah lead acid batteries. In these previous papers, 2n switches 
are used for n batteries where on [29], each switch uses 2 dc solid state relays while in [31], it uses general 
purpose relays. In [30], the auxiliary power module is used to balance five NCR 18650 batteries with a 
capacity of 6 Ah and requires a balancing time of 10.7 to 22.2 minutes with several control methods to 
achieve a SoC difference of 1%. 

The use of many large capacity batteries in a serial connection is very rarely found in the literature. 
In [32], 13 lithium-ion cells are connected in series with a capacity of 10 Ah. The LC circuit is used to 
balance cells using 2n switches, where each switch uses two MOSFETs connected in series. The time needed 
to balance the voltage reached 6 hours from the difference between the highest and lowest cell voltages of 
460 mV to 336 mV. Different from the previous study, in this paper, battery balancing system based on cell 
charger is proposed. Compared with the use of energy storage systems (ESS) and energy harvesting system 
(EHS) in previous studies [29]—[31], the use of a cell charger that draws energy directly from the grid can 
reduce the cost of replacing ESS and EHS which have a life time. In addition, the absence of ESS and EHS 
reduces the space required if the battery pack is used for electric vehicles. This paper also proposes the use of 
fewer switches to reduce costs and space on the BMS hardware. The proposed balancing method would be 
validated experimentally using 15 large-capacity LiFePOs batteries with a capacity of 200 Ah. 


2. BALANCING METHODS 

The block diagram of the proposed active BMS is shown in Figure 1. The voltage of the 15 cells is 
monitored by an ATtiny45V microcontroller to protect them from any possible overcharge and undercharge 
conditions. The voltage is monitored via a solid-state relay (SSR) associated with the cell which is regulated 
by the main microcontroller (ATmega2560) via signal conditioning circuit. The results of the cell voltage 
reading will be processed by the main microcontroller to regulate the pack charger and cell charger. 
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Figure 1. The proposed active BMS block diagram 
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The working concept of the circuit in Figure 1 is to read the voltage through the ATtiny45V 
microcontroller ADC and output an analog voltage signal (PWM) through the optocoupler in the signal 
conditioning circuit so that isolation occurs between the cell voltage and the main microcontroller voltage. 
The ATtiny45V microcontroller power supply comes from the battery cell voltage. 


2.1. SSR circuit design 

To monitor the condition of each cell in the battery pack, an SSR circuit with a certain configuration 
is needed as displayed in Figure 2. The SSR circuit design also aims to determine the specific cell that will be 
balanced by the cell charger. In this study, the SSR used is 60 V single-pole, normally open power relay with 
a current capability of 6.5 A without heat sink. The use of this SSR is based on considerations of durability 
compared to mechanical relays which still use mechanical contacts in their operation. In addition, the use of 
SSR is based on its ability to switch between the on and off conditions quickly, and the absence of sparks at 
its point of contact. 
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Figure 2. SSR circuit 


The SSR circuit design uses 20 SSRs, namely S1-S16 and SS1-SS4 to select the voltage reading of 
the 15 battery cells as shown in Figure 2. If the total number of batteries in a battery pack is n, then the 
number of SSRs needed is n+5. Compared with the switch configuration in the previous research, the number 
of switches on the proposed BMS is less than the previous one which requires 2n switches for n batteries 
[29], [31]. As shown in Figure 2, each battery cell will be monitored using four SSRs with a certain 
configuration, which means that only four SSRs are closed simultaneously. For example, to read the voltage 
of the battery 1 (B1), the S1, S2, SS2, and SS4 will be closed. The SSR configuration is also used to select 
cells to be balanced by the cell charger in the cell balancing process. The complete SSR configuration details 
for reading/balancing each battery cell are shown in Table 1. 
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Table 1. Switch status in the SSR circuit 
Battery Sl S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 Sl4 S15 S16 SSI SS2 SS3 SS$4 


B1 ON ON ON ON 
B2 ON ON ON ON 
B3 ON ON ON ON 
B4 ON ON ON ON 
B5 ON ON ON ON 
B6 ON ON ON ON 
B7 ON ON ON ON 
B8 ON ON ON ON 
B9 ON ON ON ON 
B10 ON ON ON ON 
B11 ON ON ON ON 
B12 ON ON ON ON 
B13 ON ON ON ON 
B14 ON ON ON ON 
B15 ON ON ON ON 


2.2. Cell charger 

Battery charging is performed using a different charging method according to the battery chemistry 
used. In lithium batteries, the charging process has strict requirements that must be met to ensure the safe 
condition of the battery. For LiFePO, batteries, the constant current-constant voltage (CC-CV) charging 
method is mostly used due to its simplicity. In this paper, the CC-CV method is used to prevent overcharging 
of the LiFePO, battery. The LiFePO; battery requires CC to charge the battery until it reaches the specified 
maximum charging voltage limit for further charging with CV starts. The charging voltage will be kept at the 
maximum voltage, and in an instant, the charging current decreases significantly to avoid the battery from 
overcharging. The battery charging process will end when the charging current reaches a predetermined low 
current. In this proposed BMS, the cell charger used has a maximum current and voltage of 3 A and 3.65 V, 
respectively. 


3. BALANCING CONTROL STRATEGY 

The proposed BMS control algorithm is illustrated in Figure 3. The basic concept of this BMS 
algorithm is that the voltage of each cell will be monitored by the ATtiny45V microcontroller in turn using 
the SSR associated with the cell. If the voltage of each cell is abnormal (Vcen<Vimin and Vecei>Wmax) then the 
main microcontroller will give a warning in the form of a buzzer, but if all cell voltages are normal 
(Vmin< Vcett<Vmax) then the main microcontroller will determine the maximum cell voltage and activate the 
SSR associated with these cells. If the maximum voltage of the cell is less than 3.5 V, the main 
microcontroller will send an enable signal and the amount of current issued by the pack charger to start the 
initial charging process. This process will take place until the maximum cell voltage more than 3.5 V to 
initiate the final charging process. Before starting this final charging process, the main microcontroller will 
determine the highest cell voltage again. The last highest cell voltage will remain monitored until it reaches 
3.6 V. If the cell has reached 3.6 V, the cell balancing process will begin. The process of balancing the cell 
starts with balancing cell-1 for 1 minute, then balancing cell-2 for 1 minute and so on until cell-15. This 
balancing process is carried out if all cell voltages have not reached 3.6 V and the difference between the 
maximum and minimum cell voltage reaches 15 mV. The cell balancing process uses a cell charger to 
charge/balance each cell alternately through the SSR associated with the cell. The overall flowchart of this 
algorithm is presented in Figure 3. 


4. RESULTS AND DISCUSSION 

In this proposed BMS test, a 15S1P 200 Ah LiFePOs, battery pack was used [33]. Figure 4 depicts 
the experimental apparatus to test the BMS prototype, which consists of battery pack, pack charger, 
DC1894B module, and the BMS prototype. The battery pack is formed by 15 cells of 3.2 V, 200 Ah battery 
connected in series which produce a nominal voltage and store energy of 48 V and 9.6 kWh, respectively. 
This battery pack is usually used for special purpose electric vehicles such as golf cars or the like. To charge 
the battery pack, a charger is used with a maximum voltage and current of 55 V and 25 A. The DC1894B 
module from Analog Devices was used to measure the voltage of these 15 cells and will communicate with a 
PC to store the measurement results. The initial and final voltages of each cell measured by the DC1894B 
module are shown in Table 2. In Table 2, the difference in cell voltage between the uppermost and lowermost 
voltages at the start of the charging process is 8.6 mV. After the battery pack is charged and enters the final 
charging process, the difference in cell voltage between the uppermost and lowermost voltages reaches 145.1 
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mV. In the final balancing process, the difference in cell voltage between the highest and the lowest voltage 
is 15.1 mV. The experimental test results of the BMS prototype are presented in Figure 5. 

As depicted in Figure 5 (a) and (b), the proposed BMS can be used to balance cells that have a lower 
voltage than other cells. In this test, the time needed to balance the 15 cells reaches 6 hours from the 
difference between the highest and lowest cell voltages of 145.1 mV to 15.1 mV. In terms of balancing time, 
this result is better than previous research which took 6 hours to balance 13 batteries with a capacity of 10 Ah 
from the difference between the highest and lowest voltages of 460 mV to 336 mV [32]. In addition, in this 
research, the difference between the highest and lowest voltages at the end of the balancing process is only 
15.1 mV compared to 336 mV in the previous research. 
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Figure 3. The proposed BMS control algorithm 
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Table 2. Cell voltage at the beginning of the 
charging process and the end of the 


balancing process 
Battery Initial Voltage (V) Final Voltage (V) 





























Cell-1 3.3264 3.6005 
Cell-2 3.3309 3.599 
Cell-3 3.3297 3.5967 
Cell-4 3.329 3.5965 
Cell-5 3.3309 3.5979 
Cell-6 3.3277 3.596 
Cell-7 3.3305 3.5982 
Cell-8 3.3266 3.5954 
Cell-9 3.3279 3.5855 
Cell-10 3.3314 3.5901 
Cell-11 3.3283 3.5914 
Cell-12 3.3305 3.592 
Cell-13 3.3291 3.5967 
Cell-14 3.335 3.5957 
Cell-15 3.3301 3.6006 
Figure 4. Experimental test 
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Figure 5. Measurement of the voltage for each cell on the battery pack, (a) under initial charging, (b) at the 
end of balancing process 


5. CONCLUSION 
The proposed BMS prototype with the cell charger concept accompanied by a reduction in the 
number of switches can be used to balance the cell voltages of 15 LiFePO, 200 Ah batteries connected in 
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series. The number of switches needed to balance n cells is only n+5 switches compared to the previous 
research which requires 2n. Reducing this number of switches is very useful for battery packs with at least 
six cells. The balancing process of 15 batteries was carried out alternately by utilizing SSR with certain 
configurations to balance each LiFePO; cell in the battery pack. The test results show that the time required 
to equalize 15 cells reaches 6 hours from the difference between the highest and lowest cell voltages of 145.1 
mV to 15.1 mV. The duration of this balancing process is mainly influenced by the large capacity of the cell 
used for experiments. In general, this balancing time is significantly influenced by the cell capacity, the 
number of unbalanced cells, and also the difference between the lowest and the highest cell voltage. 
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